It was reported that sugi (Japanese cedar, Cryptomeria japonica) boards with pith had a greater partial compression strength perpendicular to the grain (σ e ) than sugi boards without pith. However, the reason for the superior strength of sugi boards with pith remains unclear. In this study, as the first step to elucidate the reason, we report the effects of loading direction (tangential and radial), density, microfibril angle (MFA) of earlywood and latewood tracheids, latewood tracheid length and cross-sectional parameters of earlywood tracheids (CE) on σ e in sugi wood. There was no significant effect of loading direction on σ e , and the specimens with pith had significantly larger σ e values than the specimens without pith. A larger density, larger MFA, and smaller cross-sectional dimensions with a square shape in earlywood tracheids significantly increased σ e in the radial loading direction. By multiple linear regression, it was recognized that density and MFA was the effective parameters, and MFA had a larger effect than did density in the predictor equation for σ e . This is the first study that reported the positive effects of MFA on σ e in sugi wood. 
Introduction
Softwood is one of the most important renewable resources in the world. It is mainly used in the structural components of wooden structures. One major type of wood variation is the variation within a tree caused by the presence of both juvenile and mature wood [1] . Juvenile wood usually has poor strength and is not stable for use in solid wood products [1] . A large microfibril angle (MFA) is often found in juvenile wood [2] . In some species, the large MFA is so prevalent in the juvenile wood zone that, for the purpose of using the wood for boards, the wood quality is very poor [1] . Sugi (Japanese cedar, Cryptomeria japonica) is one of the most important afforestation tree species in Japan. There are enough fully grown trees on sugi plantations. Japanese wood companies do not purchase sugi boards with pith because they have a larger percentage of juvenile wood [3] . Sugi boards with large percentage of juvenile wood did not have enough stiffness for laminated lumber. To promote the efficient use of sugi wood, it is important to understand the characteristics of domestic juvenile wood and to propose the optimal applications for utilizing these characteristics.
Sugi has the unique characteristic of radial variation of the density in the stem; the density of sugi is large at the tree center [4] . Morita and Aratake [3] focused on the large density of juvenile wood and used laminated sugi boards with pith to build a prototype bed sill using the conventional Japanese construction method. They expected the prototype bed sill to have a superior partial compression strength perpendicular to the grain (σ e ) and to exhibit durability because of the large density and large heartwood percentage of sugi boards with pith. As they expected, the laminated sugi boards with pith had a σ e superior to those of both laminated sugi boards without pith and sugi boxed-heart square timbers [3] . The density had a positive effect on σ e in sugi boards both with and without pith; however, the linear regression equations of these two types of boards differed. Although the density of both types was the same, the σ e of sugi boards with pith was larger than that of sugi boards without pith [3] . Therefore, factors other than density will contribute to the superior σ e of sugi boards with pith. To ensure the reliable use of sugi wood, we should examine the factors affecting the σ e of sugi boards with pith more precisely.
In five coniferous tree species, the σ e of timber with loading in the tangential direction was larger than that with loading in the radial direction except in the case of radiate pine (Pinus radiata) [5] . In a previous study [3] , sugi boards with pith and without pith used in laminated lumber (prototype bed sill) were loaded in the tangential direction except near the pith and radial direction respectively, because these boards were edge-grain boards and flat-grain boards respectively. Therefore, the difference in the loading direction may affect the σ e of sugi boards with or without pith.
The deformation of coniferous woods as cellular materials was investigated under radial and tangential compression. Ando and Onda [6] reported that the first fractured cells had a tendency to have the smallest percentage of cell wall within an annual ring of coniferous wood, and the cells suffered shearing deformation in the radial direction until the occurrence of the first fracture. They also suggested that the abrupt first break can be mainly attributed to the buckling of radial cell walls, based on the mechanism of deformation of coniferous woods as cellular materials [7] . Watanabe et al. [8] reported that the calculated Young's moduli using cell models significantly differed among coniferous species depending on the cell model shape when compared at the same density. According to these studies, cross-sectional parameters of earlywood tracheids (CE) might contribute to the radial variation of σ e in sugi boards.
It was reported that a smaller MFA in the S 2 layer of a tracheid increased the mechanical properties of plantation trees parallel to the grain [9] [10] [11] [12] [13] [14] [15] . In terms of the mechanical properties parallel to the grain, specimens with an MFA close to 0° have superior mechanical properties because the microfibrils in the S 2 layer, the strongest components in the cell wall, are arranged parallel to the direction of loading and resist the stress efficiently. On the other hand, Sobue and Asano reported that a larger MFA increased the shear modulus of rigidity, although a larger MFA decreased the longitudinal Young's modulus [16] . However, there are few studies of the effects of MFA on σ e of sugi wood.
In the current study, as the first step to elucidate the reason for the superior σ e , we examined the effects of the possible factors on σ e of sugi samples. Based on the previous studies described above, we focused on the loading direction, density, MFA, latewood tracheid length and CE as the possible factors affecting the variation of σ e of sugi wood. The objectives of the current study were to examine: (1) the effects of the loading direction (tangential versus radial loading) on σ e ; and (2) the effects of density, MFA, latewood tracheid length and CE on σ e with loading in the radial direction in sugi woods. This study contributes to understanding of the radial variations of σ e of sugi wood.
Materials and methods

Sample trees and specimens
To meet objective (1), three sugi trees (unknown genetic background, 46-year-old or 49-year-old) grown in stands for timber production established in the experimental forest of Miyazaki University (initial density: 3000 trees/ ha) were used as sample trees in the current study. Several thinnings had been carried out in these stands. The stem stiffness and average density of sample boards at breast height of three sample trees were 9.1 GPa and 0.45 g/cm 3 , 8.6 GPa and 0.41 g/cm 3 and 7.0 GPa and 0.37 g/cm 3 , respectively. As shown in Experiment I in Fig. 1 , two boards with pith were cut from around the breast height position of the sample trees and used for loading in the tangential and radial direction, respectively. Thirty air-dried specimens (3 trees × 2 boards × 5 radial positions) were prepared for partial compression tests perpendicular to the grain (Experiment I in Fig. 1 , Table 1 ). The dimensions of the specimens were 4 cm (T) × 4 cm (R) × 30 cm (L).
To meet objective (2) , as shown at Experiment II in Fig. 1 , one board with pith was obtained at each of three different height positions (1.5 m, 3 m, and 5 m above ground) from the logs of seven sugi cultivars used in the previous study [14] . Specimens were obtained from sugi boards with pith for the measurement of anatomical characteristics (MFA, latewood tracheid length and CE) and for tests of partial compression perpendicular to the grain. In the previous study, we reported the radial and longitudinal variation of the density and MFA in 17 sugi cultivars [12] . We selected seven cultivars with different density and MFA values from among 17 sugi cultivars based on the results of the previous study. A total of 162 air-dried specimens (7 cultivars × 2-3 height positions × 6-12 radial positions) were prepared for tests of partial compression perpendicular to the grain. The dimensions of the specimens were 2 cm (T) × 2 cm (R) × 6 cm (L). Density, MFA, and latewood tracheid length vary with the ring number from the pith [4, 12] . To obtain precise data on the variation of σ e with the ring number from the pith, specimens with small dimensions were prepared to meet objective (2) . The average moisture content of all specimens was 10.5%.
Tests of partial compression perpendicular to grain
The experimental procedures of the tests of partial compression perpendicular to the grain followed JIS Z 2101 (Japanese industrial standard) [17] . The loading directions of the specimens without pith for objective (1) were the radial and tangential directions, as shown in Experiment I in Fig. 1 . The loading direction of specimens without pith for objective (2) was the radial direction, as shown in Experiment II in Fig. 1 . Universal testing machines with 10-ton and 2-ton capacities were used to apply loads to the specimens to meet objectives (1) and (2), respectively. The loading speed was kept under 0.98 MPa per minute. The displacements of the loading to specimens for objectives (1) and (2) were measured using the crosshead movement of the testing machine and a displacement transducer with a 50-mm range, respectively. The σ e for objectives (1) and (2) were calculated from the load divided by the specimens' width and the length of the loading plate (40 mm or 20 mm). For objective (1), the σ e at a 5% strain of the thickness ratio (σ e5% ) and the σ e at a 19% strain of the thickness ratio (σ e19% ) were obtained. The σ e of structural timber was represented by the stress at a 20-mm strain [18] . The 20-mm strain in boxed timber (105-mm thickness) was 19% strain of the thickness ratio. Therefore, we also examined σ e19% for objective (1) . 
Experiment I E xperiment II
Observation of crushed tracheids near the loading surface of specimens
To gain a better understanding of the variation of σ e among specimens for objective (1), crushed tracheids near the loading surface of specimens were observed using a SEM (scanning electron microscope) (Hitachi, S-3000N). After-tests of partial compression perpendicular to the grain, samples for SEM observation were cut from the loading surface of the specimens. Control samples were also cut from the unloading surface of the same specimens. Two specimens of each type (specimens without pith in tangential loading, specimens without pith under radial loading and specimens with pith) were observed.
Measurements of density, MFA, latewood tracheid length and CE
To meet objectives (1) and (2), the density (g/cm 3 ) of all of the specimens was calculated from the weight and dimensions of air-dried specimens before loading. To meet objective (2), the MFA, latewood tracheid length and CE of the ring positioned at the center of the specimen for partial compression tests were examined. Fortynine specimens (from height positions of 1.5 m and 5.0 m, one side of the radial direction from pith to bark) were selected for MFA, latewood tracheid length and CE measurements. The MFA values of earlywood and latewood were measured by the iodine-staining method [19] . I 2 crystallized in the gaps between microfibrils in tangential sections of each ring, and the sections were observed with a light microscope. Under light microscopy, MFA was measured using image analysis software (Image J [20] ). The MFA values of earlywood and latewood were obtained by averaging the measurements of 30 tracheids. For the tracheid length measurements, small specimens from the latewood of each ring were macerated. The tracheid length was measured under magnification (50×), and the latewood tracheid length values were obtained by averaging the measurements of 50 tracheids. For CE measurements, cross sections of small specimens of each ring were smoothed using a sliding microtome. The microscopic digital images of the cross-sections were obtained under magnification (700×) using a SEM. The CE of each ring, as shown in Fig. 2 , was measured using image analysis software (Image J [20] ). The accuracy of the measurement was 0.15 μm/pixel, and the CE of each ring were obtained by averaging the measurements of 50 typical earlywood tracheids. In previous studies in which mechanical properties were calculated using cell models [7, 8] , the lengths of the tangential and radial cell walls were measured as the CE. However, to simplify the measurement, we measured the tangential and radial diameters of lumens in the current study as shown in Fig. 2 .
Statistical analysis
For statistical analysis of the obtained data, statistical analysis software (SPSS ver. 16 with Regression and Advanced Models) was used. Using one-way ANOVA (analysis of variance) and multiple comparisons tests (Tukey's HSD test and the Bonferroni test), the significant differences in σ e and in density among the types of specimens for objective (1) and the significant differences in CE among the ring numbers for objective (2) were examined. By multiple linear regression analysis, a predictor equation for the σ e5% of sugi wood under loading in the radial direction was determined.
Results
Effects of loading direction on partial compression strength perpendicular to the grain
As shown in Table 1 , there were no significant differences in σ e5% and σ e19% between the tangential and radial loading directions (multiple comparisons tests, p > 0.05). Specimens without pith were separated into two groups based on radial position ( Fig. 1 Experiment 1) . However, there was no effect of radial position on σ e5% and σ e19% of specimens without pith. Therefore, these two groups were combined in Table 1 . Specimens with pith had significantly larger σ e5% and σ e19% values than specimens without pith (multiple comparisons tests, p < 0.01). It was recognized that the difference in the loading direction did not affect the difference of σ e of sugi boards without pith. Specimens with pith had significantly larger density than specimens without pith (multiple comparisons tests,
Tangential diameter of lumen
Radial diameter of lumen Cell wall thickness Table 1 show that there were significant positive correlations between density and σ e (σ e5% : r = 0.74, σ e19% : r = 0.92, p < 0.01).
Observation of crushed tracheids near the loading surface of specimens
Loading to the specimens for objective (1) was ended at a 25% strain-to-thickness ratio. Earlywood tracheids with relatively large cell lumens were crushed, although latewood tracheids and earlywood tracheids with relatively small cell lumens were not crushed in the specimen without pith under loading in the radial direction (Fig. 3a) or in the specimen with pith (Fig. 3c) . As shown in Fig. 3c , earlywood tracheids in the specimen with pith were crushed in oblique direction. Under loading in the tangential direction, latewood buckled, and the boundary between earlywood and latewood was broken in the specimen without pith (Fig. 3b) . Something like extractives blew off from the cell lumen of latewood in the specimen under loading in the tangential direction.
Effects of density, MFA, latewood tracheid length, and CE on σ e5% under loading in the radial direction
In the previous section, it was demonstrated that loading direction did not have an effect on σ e of sugi wood. Therefore, we focused on the effects of density, MFA, latewood tracheid length and CE on σ e5% under loading in the radial direction. As shown in Fig. 4 , specimens with σ e5% > 8 MPa were from ring numbers 1-5 except for one
Loading surface Latewood
Loaded specimen Control
Specimen without pith specimen from ring numbers 6-10. There was a close correlation between density and σ e5% (r = 0.66). However, the correlation between density and σ e5% in specimens from ring numbers 1-5 was different from that in other specimens. The specimens with densities around 0.45 g/cm 3 showed large variation of σ e5% . As shown in Table 2 , CE significantly varied among the ring numbers. Earlywood tracheids in rings near the pith (ring numbers 1-5) had significantly smaller cross-sectional dimensions with a squarer shape (smaller θ in Fig. 2 ), larger R/T and smaller cell wall thickness in comparison with those in the outer rings (ring numbers 6-10, 11-15 and 16-). These results were consistent with previous study [21] . As shown in Table 2 , the smaller cross-sectional dimensions with square-shaped earlywood tracheids significantly increased σ e5% . Although the effect of radial diameter/tangential diameter (R/T) and cell wall thickness on σ e5% was significant, the effects were relatively small.
As shown in Fig. 5 , it was demonstrated that there was a close positive correlation between the MFA of latewood and the σ e5% (r = 0.84). The MFA of earlywood and the σ e5% also showed a close positive correlation (r = 0.81, data not shown). Especially, specimens from ring number 1-5 had larger MFA and larger σ e5% in comparison with other specimens. Although there was a close correlation between density and σ e5% (r = 0.73), more linear plots of MFA and σ e5% than of the density and σ e5% were obtained (Fig. 5) . In addition, there was a negative correlation between the latewood tracheid length and the σ e5% (r = 0.70, data not shown). By multiple linear regression analysis, the predictor equation was determined to be as follows:
× density g/cm 3 − 4.432 Table 2 Radial variation of cross-sectional parameters of earlywood tracheids and correlation coefficients between CE and σ e5% of specimens from seven sugi cultivars Forty-nine specimens were selected from the specimens shown in Fig. 4 for the measurement of cross-sectional parameters of earlywood tracheids. Cross-sectional parameters are shown in Fig. 2 . The values represent averages for each range of ring numbers; values in parentheses indicate standard deviations Different characters show significant differences among ring number zones (p < 0.01). R/T radial diameter/tangential diameter, n number of measured tracheids and number of samples which correlation coefficients were obtained from; *p < 0.05; **p < 0.01 Ring numbers
Ring numbers
R 2 = 0.53 R 2 = 0.70
Fig. 5
Effects of density and MFA on σ e5% in seven sugi cultivars. Forty-nine specimens were selected from the specimens shown in Fig. 4 for the measurement of the microfibril angle. All specimens were loaded in the radial direction. Specimens were classified into five groups based on the ring number from the pith This equation could help in the prediction and explanation of the variation of the σ e5% of sugi wood under loading in the radial direction (adjusted R 2 = 0.75). By stepwise linear regression, it was determined that CE were not effective parameters for the predictor equation. We assumed that latewood tracheid length was not an effective parameter for the predictor equation. Because a close correlation between latewood tracheid length and MFA (r = 0.73) was recognized, and the effect of latewood tracheid length on the σ e5% was smaller than the effects of MFA and density. Based on the standardized partial regression coefficients (density: 0.335, MFA: 0.625), it was recognized that MFA had a larger effect on the σ e5% of sugi wood than did density.
Discussion
In the current study, there were no significant differences in σ e5% and σ e19% between specimens under loading in the tangential and radial directions ( Table 1) . The results obtained in this study were also seen in Norway spruce (Picea abies) [22] and hinoki (C. obtusa) [23] . In contrast, σ e5% under loading in the tangential direction was larger than that under loading in the radial direction in four coniferous tree species [5] . As the reason for the larger σ e5% under loading in the tangential direction, it was considered that vertically lined latewood protected the weak earlywood from being crushed [5] . In the Japanese larch (Larix kaempferi), the σ e with loading in the tangential direction increased with density; however, the σ e with loading in the radial direction did not correlate with density [24] . In Picea spp. and Chamaecyparis spp., latewood is not pronounced, and the transition from earlywood to latewood is usually gradual [25] . Sugi has relatively narrow latewood, and the percentage of latewood decreases with ring width [26] . As shown in Fig. 3b , the latewood of sugi specimens without pith was buckling due to loading in the tangential direction. Because of the relatively narrow latewood in these species, vertically lined narrow latewood might break easily due to compression buckling under loading in the tangential direction. The absence of a significant difference in σ e5% and σ e19% between sugi specimens without pith under loading in the radial and tangential directions might be due to the relatively narrow latewood of specimens without pith. In this study, however, effects of loading direction on σ e in specimens with pith remained unclear.
As shown in Table 1 and Fig. 4 , specimens with pith and specimens containing ring numbers 1-5 had significantly larger σ e5% values than specimens without pith and specimens with outer rings, respectively. Our results obtained in sugi are consistent with previous results obtained in sugi [3] and Norway spruce [27] ; however, results contrary to our results were obtained in Japanese larch [24] and loblolly pine [28] . Wood densities in Japanese larch and most hard pines were low values near the tree center with an increase toward the bark [24, 29] . In contrast, the density of sugi and Norway spruce showed high values at the tree center, dropping through the juvenile wood zone, and then rising slightly in a radial pattern [4, 30] . As previously described, there was a significant positive correlation between density and σ e . Therefore, superior σ e5% values near the pith might be observed in a part of tree species with larger density at the tree center.
In the current study, MFA had a closer correlation with the σ e5% of sugi wood under loading in the radial direction than did other parameters. A larger MFA might increase the mechanical properties perpendicular to the grain, because the microfibrils with larger MFAs were arranged more parallel to the direction of loading and resist the stress efficiently than did those with smaller MFAs.
Gibson and Ashby pointed out that ρ/ρs (ρ: density of cellular materials; ρs: density of cell wall) was an important parameter in the mechanism through which the mechanical properties of cellular materials function [31] . Cellular structures have been found to be important parameters affecting the mechanical properties of cellular materials with ρ/ρs ≦ 0.3, although the cell wall characteristics were found to be important parameters affecting the mechanical properties of cellular materials with ρ/ρs > 0.3 [32] . Based on these assumptions, Watanabe showed that mechanical properties perpendicular to the grain of wood with density ≦ 0.44 g/cm 3 significantly depended on the cellular structures [32] . As shown in Table 1 and Fig. 4 , the average densities of the specimens with pith and specimens containing ring numbers 1-5 were 0.49 g/cm 3 and 0.46 g/cm 3 , respectively. Although the density of earlywood mainly crushed by the compression assumed to be smaller than average densities, the densities of earlywoods near the pith were expected to be larger than those of outer wood because of the smaller cross-sectional dimensions with a square shape in earlywood tracheids near the pith (Table 2 ). Saiki also pointed out that cell wall ratio in earlywood near the pith was larger than that of outer wood [21] . Therefore, cell wall characteristics (MFA) might be more effective than cellular structures (CE) in determining the variation of σ e5% near the pith.
As previously described, the mechanical properties perpendicular to the grain of wood with density ≦ 0.44 g/ cm 3 significantly depended on the cellular structures [32] . Based on this assumption, we classified forty-nine specimens into two groups; specimens with density < 0.44 g/ cm 3 and specimens with density > 0.44 g/cm 3 and examined the effective parameters on σ e5% in each group. Although effective parameters for σ e5% in specimens with density < 0.44 g/cm 3 were density and MFA (r = 0.82, 0.75, respectively, n = 35), effective parameters for σ e5% in specimens with density > 0.44 g/cm 3 were MFA and θ in Fig. 2 (r = 0.85, 0.71, respectively, n = 14). However, we assumed that θ was not an effective parameter, because a close correlation between θ and MFA (r = 0.76) was recognized, and the effect of θ on the σ e5% was smaller than the effects of MFA. The effect of MFA on σ e5% increased in specimens with larger density. However, it would be premature to conclude that the superior σ e of sugi boards with pith was mainly induced by large MFA near the pith. There were large variations of the parameters (wood density, MFA and CE) affecting σ e5% from wood near the pith to outer wood in this study. Both density and MFA of the sugi wood near the pith are larger than those of the outer wood. Therefore, based only on sugi data, it might be difficult to evaluate the effect of MFA on σ e5% separately from the effects of density. The specimens near the pith in Japanese larch and loblolly pine did not have superior σ e [24, 28] , although larger MFAs near the pith were expected. To evaluate the effect of MFA on σ e5% more accurately, we should examine the effects of MFA on σ e5% in the species with different wood properties from sugi wood. In the future study, we will examine hinoki and pine trees, and evaluate the effects of MFA on σ e5% near the pith based on the obtained all results.
Conclusions
Although it was widely recognized that smaller MFAs in the S 2 layer of tracheids increased the mechanical properties of many plantation tree species parallel to the grain, the effects of MFA on mechanical properties perpendicular to the grain still remain unclear. In this study, we demonstrated that a larger MFA increased the σ e5% in sugi wood for the first time. This positive correlation assumed to be very important for efficient use of sugi wood near the pith, although we need more studies on the species with different wood properties from sugi wood to evaluate the effect of MFA on σ e5% more accurately. The future studies focused on the positive effect of larger MFA on σ e might contribute to developing wood products with superior σ e and appropriate use of wood with poor mechanical properties in longitudinal direction.
Abbreviations σ e : partial compression strength perpendicular to the grain; σ e5% : the σ e at a 5% strain of the thickness ratio; σ e19% : the σ e at a 19% strain of the thickness ratio; MFA: microfibril angle; CE: cross-sectional parameters of earlywood tracheids; JIS: Japanese industrial standard; SEM: scanning electron microscope; ρ: density of cellular materials; ρs: density of cell wall.
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